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No setor aeronáutico, o menor defeito existente num material compósito pode comprometer a 
sua estrutura e reduzir significativamente o seu desempenho global.  
A probabilidade de um objeto estranho embater numa estrutura da aeronave acontece desde o 
primeiro dia em que um elemento da estrutura passa pelo processo de cura e prolonga-se até 
o dia em que a aeronave é retirada de serviço. 
A monitorização em tempo real, desde o processo de fabrico da estrutura e durante o seu 
funcionamento em serviço, quando esta é submetida a solicitações mecânicas, quer sejam 
estáticas ou dinâmicas, tem como objetivo otimizar o seu processo de fabrico, diminuindo assim 
as tensões residuais, e também é essencial na prevenção de danos catastróficos.  
Tendo isto em mente, tem-se a intenção de verificar se o embebimento da fibra ótica no 
interior do laminado de carbono influencia o comportamento de fadiga, quando comparado 
com uma configuração semelhante mas sem a inserção do sensor (fibra ótica). Introduziu-se 
também, propositadamente, um defeito no plano médio do provete. Pretende-se verificar se o 
dano se propaga a partir do defeito, quando a estrutura é sujeita a carregamentos cíclicos.  
Os laminados de carbono foram construídos com 18 camadas, com a fibra ótica e o defeito 
embebidos no plano médio do provete. Estes laminados foram testados à fadiga, através de 
flexão em três pontos e expostos a uma frequência de 10Hz. 
Através dos resultados obtidos, observou-se uma diminuição no módulo de elasticidade e um 
aumento da temperatura, em ordem ao número de ciclos. Através da visualização dos 
resultados da emissão acústica, pode ser visto que existem alterações, sempre que existe uma 
variação na temperatura, tornando assim possível a utilização de um sensor óptico (com muitas 
vantagens) para a detecção de um nível crítico de avaria. 
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For the applications in the aeronautics field, the smallest defect in a composite material can 
compromise the structure and significantly reduce their overall performance. 
The probability of a foreign object hit an aircraft structure start on the day the first element 
is cured and will endure until the aircraft is retired from service. 
The monitorization in real time from the manufacturing process of a structure, also during 
operation in service, when it is subjected to mechanical stresses whether static or dynamic, 
the optimization of the manufacturing process is made by decreasing the residual stresses. This 
monitoring prevents catastrophic damage.  
Having this in mind, it was intended to verify that the embedment of the optical fiber within 
the carbon laminate influences the fatigue behavior, when compared to corresponding settings 
without embedding the sensor (optical fiber). It was also introduced purposely a defect in the 
middle plane of the specimen. It is intended to verify, when the structure is subjected to cyclic 
loading, if the damage is spread in the area where there is already the defect. 
Carbon laminates were constructed with 18 layers, with the optical fiber and the defect 
embedded in the middle plan of the specimen. These laminates were tested for fatigue through 
three points and exposed to a 10Hz frequency. 
By the results obtained, it was observed a decrease in the modulus of elasticity in order to the 
number of cycles. Meanwhile, there is an increase of temperature. Through visualization of the 
results of acoustic emission, could be seen that there are changes to whenever there is a 
variation in temperature thus making it possible to use an optical sensor (with many 
advantages) for detecting a critical damage. 
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Chapter 1 - Introduction 
1.1 Motivation 
Currently composites are increasingly been used in several areas of industrialization, as 
automotive, civil, aviation and marine constructions. The success is due to the advantages, 
over other kinds of materials, mainly because they present a low density, high strength and 
versatility due to the manufacturing process, making the structure simultaneously, strong and 
light [12]. 
The carbon fibers composites have many advantageous characteristics and their use is 
widespread. Lately a tremendous progress of the manufacturing process has been made, along 
with the improvement of resins, and their addition in appropriate proportions in order to obtain 
composite materials with better properties. 
On the aeronautical industry, the smallest defect on a composite material can compromise the 
structure, and significantly reduce their overall performance [8]. The probability of a foreign 
object hit on an aircraft structure start on the day the first element is cured and will endure 
until the aircraft is retired from service [13]. 
Imagine a structure that has the ability to “feel” the influence of what is happening around 
her, as human being. This structure would be able to know its current status and, if necessary, 
put in place procedures to solve certain problems. 
Monitoring in real time from the manufacturing process of a structure, but also during operation 
in service when it is subjected to mechanical stresses, whether static or dynamic, optimize the 
manufacturing process by decreasing the residual stresses. This monitoring prevents 
catastrophic damage. 
The long-term behavior of composite structures can be predicted by numerical or experimental 
models. To ensure its integrity throughout its lifetime, it is necessary to do a thorough 
monitoring of its deterioration through an evaluation using nondestructive testing.  
It is necessary to further study the behavior of smart composite materials, especially when 
damage isn’t visible. The impairment can be analyzed by an evaluation by embedding sensors 
in the material. Optical fiber is used as part of the sensor, due to its characteristics, such as: 
low weight, flexibility, high-speed transmission over long distances, low reactivity, electrical 




With this work, it is intended to verify experimentally that the embedment of the optical fiber 
within the laminate influences the fatigue behavior when compared to corresponding settings 
without embedding the sensor. 
In order to study the feasibility of monitoring structures, by inserting simple optical fibers as 
sensors, when they are subject to fatigue, the specimens were construed and tested. 
1.3 Dissertation organization 
The present thesis is divided in five chapters, in order to study the feasibility of applying optical 
sensors for carbon laminates subject to the fatigue. 
In the first chapter, I will make an introduction, referencing work and previous studies 
performed by other authors, in order to give prominence to key topics for the elaboration of 
this dissertation.  
The second chapter provides a literature review on the composites, more specifically carbon 
fiber reinforced polymer, optical fibers, optical fiber sensors and monitoring health structures. 
In chapter 3, is described all the experimental procedure used in this work, the materials, and 
methods used in the elaboration of carbon laminates, that afterwards it will be mechanical 
tested. 
In chapter 4, shows the results obtained for the experimental procedure, and the simulation 
done. A comparison between the two cases is made. 






Chapter 2 - Literature review 
Lately, in the area of structures and composites, materials have been studied and it has been 
analyzed the potential of smart structures for solving problems associated with the future 
development of structures. An example is the aircraft, with the ability to transform into full 
operation. These structures must be able to ensure their integrity, being able to respond to 
needs through actuators against potential critical situations as vibration attenuation. 
The correct and efficient implementation of such systems requires the use of processors that 
allow for adaptation to the new conditions of the structure, through independent learning, 
based on the information provided by the sensors. 
The sensors are devices that respond to physical and chemical stimuli that may be specific and 
measured analogously. 
When inserting a sensor into the material, it has caused a defect in it, what conditioned the 
operation. The position in which the sensor was placed also affected the responsiveness, when 
subjected to external actions. 
The use of composites in aircraft structures has been growing over the last few years. For 
instance, carbon fiber reinforced plastic (CFRP) composites have been used substantially for 
lightweight structures, as the airframe structures, due to the high specific strength and 
stiffness. CRFP have been replacing some metal alloys in several primary components in 
aircraft, since they improve the performance of these [1],[2], [16] . 
Recently, research area of structures and composite material have studied and analyzed the 
potential of smart structures, on an effort to solve problems associated with the future 
development of structures. The aircraft is an example of a solution, with the ability to morph 
according to the operation. These structures must be able to ensure, not only the optimization 
needed, but also their integrity, being able to respond to needs through actuators against 
potential critical situations. 
In order to make a correct and efficient implementation of such technology, it is necessary to 
devise a system, enabled to gather the information through sensors, embedded in the structure, 
complicate the data provided by the sensors, and process the information through previous 




When the fiber optic is embedded in material, it’s created a discontinuity in the material, a 
careful study of the position, direction and thickness of the fiber optic fiber has to be taken, 
to ensure that the component is able to perform without compromising is viability. This is a 
matter that is widely studied in the literature.  
A critical aspect of this appliance is the fatigue, the subject addressed in the effect is clearly 
measurable, the presence of the fiber optic limit the “life” of the component. Depending of 
the material, composites are optimized to work in just one direction, its important that the 
fiber has the same direction of the reinforced material [19], [21], [22].  
Once fiber reinforced materials have a structural anisotropy and they contain different phases 
of material, fibers and matrix, result in various types of damage with different propagation 
characteristics [17]. 
The defects that are in composite materials can be difficult to detect visually, which implies 
maintenance and repair costs. The concept of self-healing can be an alternative to structures 
that have damage. This idea is based on the ability of living beings have to cure themselves, 
that is to avail the materials that are inside the structure to repair internal damage [8].  
The inside structure of composite laminates can be monitored by non-destructive methods using 
optical fiber embedded in laminate structure. Introducing a foreign body, like an optical fiber 
within a structure, would be to create a defect and consequently endanger the mechanical 
performance of the structure. 
 
2.1 Composites 
A composite is characterized by being a combination of two or more materials whose junction 
has better properties than each individual material present. On these phases, different 
materials are generally used, with different properties and crystalline structure. From this 
definition one can find a wide range of materials that can be assumed as composite materials, 
as can be seen in the Figure 2.2 [18]. 
The materials that make a composite material can be categorized into two types: matrix and 
reinforcement, as seen in the Figure 2.1. The matrix material is what gives structure to the 
composite material, filling the empty spaces that remain between the reinforcement materials 
and keeping them in their relative position. The reinforcement materials are those which 
enhance the mechanical, electromagnetic or chemical properties of the composite as a whole. 
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The physical properties of a composite material depends on the geometric arrangement of the 
different phases of their respective volume fractions and also of structural factors such as the 
periodicity of each component. The geometric arrangement of the fibers (reinforcement) 
within the acceptor base material (matrix) continuous may be dispersed randomly nodes of a 
distributed or distributed irregular but repeating the repetitive and sequential manner (regular) 
shape. 
Some of the features of the composite materials can be assumed to be additive, the final 
material having the properties of its components. However, this is not a rule; on the contrary, 
the resulting material shows related to the manufacturing process flaws such as spaces not 
filled by the material (eyes), zones of higher or lower frequency of the reinforcing material, 













Figure 2.2 - Classification of composite materials [20]. 
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To fulfill the objectives of this work was given emphasis on the synthetic composites. These 
are composed of mainly two phases: matrix and reinforcement. The materials for these phases 
are produced in separate being brought together only during the manufacturing process.  
 
From this there is an important advantage of composite materials, which is the possibility of 
optimizing the final material, enabling the production of a material with properties impossible 
for any other kind of material by itself. 
 
Composite materials are known to Man for a long time, however it was only in the early 30’s 
that the so called modern composites appeared with the introduction of fiber glass. A Large-
scale use of composite materials in the commercial industry was started by Airbus in its A300 
vertical tail [2]. In Figure 2.3 can be visualized the percentage of total weight of composites 
used in commercial aircraft. 
 
Figure 2.3 – Use of composite materials in commercial aircraft [2]. 
 
This type of material is used in space vehicles, aircraft, modern vehicles and light weight 
structure [21]. 
 
The use of composite materials in aircraft and aerospace industry is mainly due to these present 
clear mass reduction. Because they are low density materials allow a noticeable reduction in 
the overall mass to a similar degree in mechanical properties. 
 
The first applications in the aeronautical industry were essentially in secondary structures such 
as fairings, small doors and control surfaces. After the Second War the expansion of air traffic 
forced aeronautical companies to fabricate aircraft able of transporting an increased number 
of passengers [2]. 
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However, the employment of composite materials in the aeronautical industry was slower than 
expected. This was generally due to the high costs of certification and higher materials and 
production costs for composite components when compared to their metal equivalents [22].  
 
Once the aircraft sector, the composite structures have thick parts that were intended to 
submit to high levels of structural loads. These loads can cause the nucleation and the growth 
of fatigue damage which can lead to structural failure. It is therefore important to understand 
the fatigue behavior of composite aircraft structures [23]. In Figure 2.4 can be seen the total 









2.1.1 Carbon fiber reinforced polymers 
 
The CFRP laminates are very commonly used as structural materials because of their high 
specific strength and stiffness [24].  
 
The Airbus A350F XWB is made up of the 53% of CFRP and the Boeing 787 Dreamliner is 
constituted by 50% of CFRP. Another application can be seen in the Figure 2.5.  
The carbon-epoxy laminates are used in the aerospace industry due to their optimal ratio 
strength / density and stiffness / density. These are very commonly used, since it is intended  
to maximize the cargo/passenger capacity, and overall efficiency, which are essential 
requirements in the design of aircraft [25], [26]. 








Figure 2.5 – A tail of a radio controlled helicopter, made of CFRP [4]. 
When subjected to static or dynamic loads, laminates of CFRP presents damages, such as cracks 
and delamination. The appearance of delamination leads to a decrease in stiffness and could 
cause a catastrophic failure. For this reason, it is necessary to detect the failure before a 
catastrophic failure occurs [26], [15]. 
 
Composite materials, manufactured from resins and high strength fibers, also called advanced 
composites, are increasingly being used in structural components in aeronautical and aerospace 
industry. Epoxy resins are fragile and have poor impact resistance and tendency crack 
propagation, resulting in satisfactory levels of strength and reliability [27].  
 
2.2 Smart structures 
An inspection to a structure involves time and costs, even with the existing techniques (X-ray 
and ultrasonic C-scan). So there is a necessity to find techniques that allow to evaluate the 
worthiness of the structure, if possibly in real time. Therefore from the necessity, a solution 
was found, structures that use sensors in order to detect damage. This type of structures is 
known as smart structures [26],[21]. 
 
Smart structures have the ability to select and perform specific functions, in order to deal with 
stimuli or changes in the environment. Among its most promising features are: self-diagnosis, 
self-repair, self-learning and self-degradation [28]. 
The active elements in smart structures can be embedded into or attached in the structure.  
 
Smart composite materials try to mimic natural structures, making the assessment of damage 
throughout the lifespan. With this type of composite materials, it is intended to provide 
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Figure 2.6 - Example of a smart structure. This structure consists of a flexible outer  
skin and an internal driving mechanism [5]. 
relevant data to engineers, such as: report a full history of the performance of the structure, 
location and dimensions and type of damage that may occur in the structure during his 
operation. According to this potentially dangerous or undesirable conditions can be prevented, 
giving an early indication for further test a repairs. These materials are able to 
act autonomously, due to external actions that might be subjected. 
Currently the objective of several researchers aims to develop materials and structures that 
with the ability of self-motorization, will allow that material/structure actively adapts to the 
surrounding environment. 
A smart materials system is composed of sensors and actuators. The actuators have a similar 
function to the muscles, and sensors have a similar architecture to the nerves, which allows 
the communication network to the central unit of the control system [29]. 
The first applications of smart materials and structural concepts will be on rotorcraft b lades, 
aircraft wings, air inlets, engine nozzles, large deployable precision space systems and 










2.3 Optical fibers 
It is necessary to further study the behavior of smart composite materials, especially when the 
damage is not visible, due to the size material or form of the structure. This damage can be 
analyzed by an evaluation obtained by the introduction of optical material.  
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An optical fiber (OF) is a waveguide which presents a diameter in the order of 0.1mm that has 
the ability to conveying light upon kilometer range distances [31]. 
The OF can be selected to suit specified end-use applications and operating temperatures. A 
conventional OF consists of two basic components, a core and a cladding. The core has a higher 
refractive index than the cladding and light is propagated along the core through total intern 
reflection. It is applied to the outer fiber, a protective coating (polyacrylate or polyimide), to 
provide mechanical and chemical protection  [32]. Light is guided in the core of the optical 
fiber via total internal reflection, see Figure 2.7. 
OF can be used to monitor a wide range of parameters including strain, temperature, pressure, 
humidity, vibration, specified chemicals (ageing or degradation), acoustic emission and 
fracture [33],[34]. 
Optical fibers are electromagnetic interference proof, and therefore can be used in areas where 
electrical-based devices cannot operate without expensive shielding and protection. 
Recent advances in analytical instrumentation and OF sensor systems, made possible to obtain 
in-situ cure kinetic data during the processing of reinforced plastics. Optical fiber-based sensors 
are also used to enable real time structural health monitoring of engineering composites and 
structures [15]. 
 
Figure 2.7 - Schematic illustration of an optical fiber [15]. 
 
 
The relatively small dimension and uniform cross-section of the OF, make it easy for surface 
rising or embedding. When embedded, they tend not to influence the quasi static tensile 
mechanical properties. However, when the optical fiber sensors (OFS) are embedded off-axis, 
this is not the case, the compressive properties may be affected. 
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2.3.1 Optical fiber sensors (OFS) 
 
The use of optical fiber in sensors applications is growing, driven by the large research done in 
this area in recent years, and taking the advantages of the optical technology when compared 
with the electronic solutions [20]. 
A sensor is a technological device that detects signal by means of the change of a specific or 
general parameter. Thickness, is also important, the interference is minored, when the optic 
fiber, and the reinforce fiber have the same magnitude of dimension. If that is no taken in 
account, it´s normal to see the appearance of defects, like delamination of the material around 
the optic fiber. Other important parameters are the stiffness, strength, and Poisson ratio, of 
the material, in literature [23], the effect of the presence of the fiber is very small in this 
parameters. They can be applied to collect information such as strain [18], [24], [25], [26], 
vibration (frequency, displacement) [27], buckling [28], fatigue [17], damage detection [29], 
[31], [32], [30] and terminal variations [33].  
 
OFS use all the optic fiber embedded on the material “to gather” the information, but there 
are key differences in the sensors. It’s not possible to use the same sensor to collect a wide 
spectrum of information. So to collect dense spectrum of information it is needed to use also 
many different sensors, optimized to collect a single kind of information. 
 
The OFS offers many advantages when compared to traditional electronic sensors. It is light, 
small and immune to electromagnetic interference, not subject to metallic corrosion, can be 
deployed in areas where electrical-based sensors would fail, or require expensive protection. 
They can also be deployed in harsh chemical environments, with an appropriate sensor 
protection system [31]. They can be directly embedded within materials as in the case in 
advanced composites in order to provide sensing networks for the damage detection or health 
monitoring of smart structures [35], [36], [37]. 
 
Fiber optic strain sensors have been applied to internal strain and damage monitoring of 
composites because of its small size, light weight and flexibility. Optical fibers can be 
integrated directly and easily into fabrics [30]. 
 
OFS can be multiplexed. With certain sensor design, distributed sensing can also be achieved 
along the length of a fiber. These characteristics are very attractive, for process monitoring, 
because parameters such as the chemical composition of specified functional groups and 
temperature can be obtained in real-time from the processing equipment [15].  
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FOS systems can provide real-time and in-situ data on the chemical and structural integrity of 
engineering materials and structures. These devices can be engineered to have minimal adverse 
effects of the host materials. It is capable of measuring static and dynamic strains when 
embedded or bonded on a structural component [38]. 
 
Sensors embedded in the fibers of the composite material enables a high sensitivity in the 
determination of damage to the material because of its small dimensions. 
 
The optical fiber sensor can be ideal for integration with composites, since it is manufactured, 
it allows the optical fibers to become embedded in the composite without necessarily affecting 
its macroscopic properties. 
The biggest advantage of this type of sensors is its ability to check the “health” of various 
components, during their period of service. The basic functions can be divided into three main 
areas, which are: detection of environmental conditions around the structure; transmission of 
information gathered for a central processing unit and signal processing and performance of 
functions in response to stimuli senses. 
In Aerospace application, the development of smart structures with integrated optical fibers 
relate to space systems such as satellites, launch vehicles or even seasons. For example, the 
detection of leaks from tanks propellants is now a reality. Currently, the solution appears to 
be the use of an optical fiber network, built these tanks during the manufacture by rolling 
prepreg material. Another application is the possibility of using a smart composite coating that 
can detect their impacts and thus damage the surface of satellites or space stations. 
The mechanical characteristics of composite laminates with the embedded OFS were evaluate 
by Lee, Lee, & Yun, (1995) [39]. They investigated the effect of embedded optical fiber on the 
mechanical properties of composite laminates subjected to static tensile and low cycle fatigue 
load. The embedded OF doesn’t have significant effects on stiffness, strength and Poisson’s 
ratio under the static tensile load.  
S. Minakuchi and N. Takeda [6] mentioned in their work that when optical fiber sensors are 
embedded into composite materials during the manufacturing, the sensor can be used to 
continuously, monitoring the manufacturing process itself, in-service usage and damage. By 
combining all the information obtained by the distributed sensing network, they prove that it 
possible accurately evaluate the structural health [5]. This can be seen in Figure 2.8. 
Fiber optic distributed sensing schemes have been studied to make smart structures and 
materials. These sensors systems, which are known as “fiber optic nerve systems”, senses 
damage induced in materials and structures, in which the fiber is embedded [34]. 
 13 
 
Figure 2.8 - Illustration of life cycle monitoring [6]. 
 
2.3.2 Optical fiber sensors for damage detection 
 
The damage tolerance and durability of composite repairs are currently substantiated by the 
analytical, numerical and experimental studies, and by comparison with existing composite 
repairs [40]. 
For many structures, failure is preceded by the formation and propagation of cracks. An 
important challenge in crack monitoring is that the location of cracks in structures may not be 
known in advance. Conventional sensors or transducers that measure the average strain over a 
small region may easily don’t sense the crack [41]. 
 
OFS have been prominent in health monitoring of aerospace composite structures. On the 
application of composite structures, the reliability and safety shouldn’t be dismissed.  The 
implemetation of sensors to detect the damage will provide reliable results about the state of 
the structure [6]. 
 
In real structural applications, the strains applied to the composite structures are difficult to 
predict; therefore real time strain monitoring is needed to foretell the present damage status 
in composite based on above durability evaluation method [42], [43]. 
 
The methods currently used to detect damage demand the structure to be taken out of service, 
and often disassembled which is both uneconomical and difficult to implement. Thence fiber 
optic sensors can be embedded into a structure and supply real time in situ measurements of 
condition, making it a promising alternative to other methods of damage detection [21]. 
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Takeda (2002) [43], applied two kind of embedded optical fiber sensors, plastic optical fibers 
(POF)  and fiber Bragg grating (FBG), to detect and monitor the transverse crack evaluation 
method. 
 
Other application of this kind of sensors has been developed by Murayama, Wada, & Igawa, 
(2013) [44]. They developed a fiber-optic distributed sensors to be implemented to the damage 
detection of a single-lap joint and load identification of a beam simply supported. It was prove 
that by applying the distributed sensor to SHM it could be improved as making the spatial 
resolution higher and they have shown that the simulation technique taking into account both 
the structural and optical effects seamlessly in strain measurement could be a powerful tool to 
assess the performance of a system for detecting and design it for SHM. See Figure 2.9. 
A smart structure system based on fiber optic vibration sensors has been developed by Leng & 
Asundi, (2002) [45], to monitor structural damage. The FOS has been embedded in the 
carbon/epoxy composite specimens and surface mounted on the surface of aluminum 
specimens. Tests were performed to examine the various types of damage to these specimens. 
The results showed that such kind of multimode fiber optic sensor can be used in the non-
destructive evaluation of smart material. 
Another application is FODDAS (fiber optic damage detection and assessment systems) which 
are built in laminated composite structures and are based on fiber optic strain sensors or sensor 
networks, providing multiple strain measurements. Leng & Asundi (2002) [45] made a review 
about these systems. These fiber optic strain sensors and sensor networks have been developed 
to the point where it can become the enabling technology in the development of such systems. 
The principal objective of this technology is detection of damage, the location’s determination 








2.3.3 The influence of the optical fiber embedded  
Figure 2.9 – The idea of the spacecraft SHM system [7]. 
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By inserting optical fibers in the materials, in ideal conditions should be kept in account the 
properties of the optical fiber, and the material which will be embedded and still take into 
consideration the conditions of the embedding process [33].  
The diameter of optical fiber is larger than the diameter of reinforcement fiber, as a result of 
the presence of embedded optical fibers on the mechanical properties of host material is 
necessary. Study and analyze is important [35]. 
The best orientation for the fiber, will cause slightest disturbance is parallel to adjacent 
reinforcing fibers. Inappropriate OF properties for the intended embedding application may 
lead to early fiber failure. A damaged optical fiber can still be used as a sensor, if the signal is 
interrupted [13]. 
The incorporation process for the inclusion of the optical fiber, may require that the embedded 
fibers and lead, and part of it led to fiber lengths withstand high temperatures that can melt 
the coating of the material or otherwise lose its effectiveness as a protective layer. Not long 
ago, coatings of higher temperature polymers such as polyimides, have been developed, that 
allow the processing temperatures required for manufacturing composites, and other low 
temperature materials, but that in turn fail at even higher temperatures [33]. 
Benchekchou & Ferguson, (1998) [46] applied Finite Elements (FE) techniques to simulate the 
strain and stress concentrations in and around an OF embedded in carbon fiber reinforced 
laminates. Analytical results show the location of high stresses and therefore the position of 
possible damage when specimens are subjected to tension and flexure. Mechanical fatigue tests 
are carried out on specimens with optical fibers embedded within different orientation plies, 
in order to see the effect of the fibers on the fatigue behavior of the specimens. 3D FE 
simulations have shown that the presence of an OF within a carbon fiber specimen, while it’s 
subjected to flexure and tension, doesn’t significantly change the stress distributions in plies 
other than those where the OF is embedded [46]. 
Loutas, Panopoulou, Roulias, & Kostopoulos, (2012) [47] showed through their work of SHM that 
the location of the OF in a specimen is important, once could modify theirs fatigue behavior 
and its resistance [47].  
By embedding in composites, under the static tension and cyclic fatigue load, it is know that 
the embedded OF doesn’t significantly alter the stiffness, strength and Poisson’s ratio under 
the static tensile load. On the other hand, under the fatigue loading, significant reduction of 
fatigue life of composite structure with embedded OF was noted. Especially, embedded OFS 
shows very low fatigue resistance in the cross ply laminates. Matrix crack density of cross ply 
laminate was not affected significantly by embedded OFS under both the static tension and the 
cyclic fatigue loads [39]. 
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Silva, José M. A. et al (2005), [49] performed three kinds of mechanical tests: impact tests, 
static flexural tests and fatigue tests. The results for the mechanical behavior in static loading 
conditions seems to be not significantly hampered as a consequence of the presence of the OF. 
In the case of impact and fatigue tests, these are strongly affected, despite this influence is 
physically different from each other [49]. 
In the frame of a numerical/experimental study on the monitoring of the skin buckling 
phenomenon in stiffened composite panels by embedding OF, a numerical procedure, for the 
design of OF embedding, has been introduced by Riccio, A et al (2012) [22]. This procedure 
demonstrated to be able to provide the most efficient embedded OF path (with minimum 
length) satisfying the grating sensors locations and directions requirements and fulfilling 
specific embedding/integrity constraints for the optical fiber [22]. 
 
Huang, C. Y. et al (2010) [8] made a study about the influence of embedded circular hollow 
vascules on structural performance of a fiber reinforced polymer (FRP) composite laminate. By 
incorporating these vascules, they have multifunctional composites, whose characteristics are 
self-healing and active thermal management. On the other hand, the presence of off-axis 
vascules leads to localized disruption to the fiber architecture, for instance, resin rich pockets, 
which are considered as internal defects and may cause stress concentrations within the 
structure. This can be visualized in Figure 2.10. It has been developed a manufacturing method 
for forming vascules, microscopic characterization of their effect on the laminate, finite 
element analysis (FEA) of a crack initiation and failure under load and validation of the finite 
element via mechanical testing observed using high-speed photography (HSP) [8]. 
 
Figure 2.10 – Cross-sectional optical micrographs of circular vascules forming a resin-rich  
pocket in a CFRP laminate [8]. 
 
2.4 Structural health monitoring (SHM) 
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Structural reliability and operational health monitoring have become more and more important 
in most aerospace and civil engineering applications over the past decades, where the 
philosophy of fail-safe has prevailed about the safe life approaches in the design of metal 
structures and composite [50], [51]. 
In order to allow the increase in the use of composite materials in the aeronautical industry 
one must be able to certify and validate the components making use of these materials. For 
that, the technological capability of inspecting those components for defects and flaws, after 
production or during the component’s life cycle, is paramount.   
The flaws or defects, in what composite materials is concerned, very often occur inside the 
material, therefore being impossible to identify without breaking the component, so, non-
destructive inspection methods are employed. Most conventional non destructive evaluation 
(NDE) techniques such as ultrasonic C-scan, x-ray, thermography and eddy current are limited 
as they require structural components of complex geometry to be taken out of service for a 
substantial length of time for post-damage inspection and assessment [52]. 
SHM can be viewed as the integration of sensing and intelligence to enable the structure loading 
and damage, which in turn causes conditions to be recorded, analyzed, localized and predicted 
in such a way that nondestructive testing becomes an integral part of them. The difference 
between conventional NDE and SHM it is that SHM uses sensors that are permanently attached 
or built into the structure and NDE don’t use [9]. 
SHM have a purpose, which it is to lead a structure to be safer at the lower cost [44][53]. 
Composites, which are highly susceptible to occult internal failures that may take place during 
the manufacture and processing of the material or structure when it is submitted to service 
loads, demand a substantial quantity of defects monitoring and inspection at regular intervals. 







Figure 2.11 – Illustration of keys parts of a typical aircraft to be monitored [9]. 
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With the technology of sensing, a reduction in cost, size and weight, and output processing of 
the sensor signal continually growing, wide potential approaches were developed, allowing the 
integration of such detection options on or inside structural components [54]. 
 
The actual reduction of life cycle costs associated to maintenance and inspection can only be 
reached by SHM "fail-safe" systems designed and included as components within an environment 
evaluation of the damage tolerance, capable of reducing inspection times, making the 
assessment to structure rapid and reliable, and avoid time consuming disassembly of structural 
components. 
 
Optical fiber sensors have attracted considerable attention in health monitoring of aerospace 
composite structures. Benefiting from its advantages, OFS promise to be an alternative sensing 
techniques in SHM systems and upcoming smart structures [27], [55]. 
 
The main reason why it’s important monitoring structural integrity is the ability to observe the 
in-situ structural behavior under different load conditions for a predetermined time or 
throughout the service life of the structures. Through this observation, the deterioration of 
material properties and/or structural response can be determined when it is subject to certain 
conditions of solicitation. 
Murayama, Wada, & Igawa, (2013) [44] have reviewed researches about SHM with the fiber 
optic distributed strain sensor. Loutas, Panopoulou, Roulias, & Kostopoulos (2011) [50] 
developed a new system for structural health monitoring of composite aerospace structures 
based on real time dynamic measurements, in order to identify the structural state condition. 
Long-gauge Fiber Bragg Grating (FBG) optical sensors were used for monitoring the dynamic 
response of the composite structure[44], [50]. 
Damage detection, life cycle monitoring and shape reconstruction systems applicable to large-
scale composite structures have been studied and described by Minakuchi and Takeda (2013) 
[6]. They highlight the potential of OFS for the SHM field [6]. See Figure 2.8. 
Loutas, Panopoulou, Roulias, & Kostopoulos (2012) [47], create an intelligent system for 
structural health monitoring of aerospace structures, based on dynamic strain measurements. 
They used FBG’s optical sensors for collecting data, representing the dynamic response of the 
structure. The main purpose was identified in an exhaustive way the structural state 
condition[47]. 
Data processing obtained from an airborne, load tracking and structural health monitoring 
system were presented by Kressel, I. (2013) [56]. The system is based on optical Fiber Bragg 
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sensors embedded in the two tail booms of an unmanned aerial vehicle (UAV). Flight data were 
analyzed both in the frequency and time domains, so that abnormal structural behavior could 
be identified and tracked, and its impact on structural integrity evaluated. Tracking the 
structural behavior over time can be used for Condition Based Maintenance (CBM), and may 
eventually reduce maintenance cost and aircraft down-time [56]. 
A SHM system can be seen as a kind of imitation of the human nervous system with built-in 


















Figure 2.12 – Comparison between a damage indication (Airplane) and pain  















Chapter 3- Experimental procedure 
To accomplish the goals of this study, carbon laminates were constructed and characterized. 
In this chapter, the techniques used in the manufacture of the test specimens, from preparation 
until they are cured in an autoclave and the test to which they were subjected, in order to get 
the results of the required parameters, have been described. 
It was addressed the techniques used to obtain the parameters of temperature, intensity, 
acoustic emission and modulus of elasticity, which result from the trials that the specimens 
were subjected.  
The manufacture of the test’s specimens cure them and the trials to which they were subject, 
have been made according to norms.  
Finally, it was mentioned the main problems throughout the experimental procedure. 
3.1 Materials and methods  
In the manufacture of the specimens were used the pre-impregnated carbon material with 
epoxy resin, Texipreg HS 160 REM, that can be seen in the table 3.1 (Annex A), 
Polytetrafluoroethylene (PTFE) for the defect and the optical fiber used is F-MLD 100 μm from 
Newport (Annex B).  
The optical fiber used can be divided in three main parts, as it can be seen in the Figure 3.1. 
The part (1) is the core (100±4 µm diameter) and it’s made by glass. The other parts are made 
with silicone and are named cladding (140±3 µm diameter), (2) and coating (250±15 µm 
diameter), (3). 
Table 3.1 - The basic properties of Prepreg material[11]. 
Typical Prepreg Properties Unit Typical values 
Outlife @ 23ºC days 30 
Storage life @ -18ºC Months 12 
Cured resin density g/cc 1.2 
Tg fully cured ºC 130 
Gel time @ 125ºC min 12’00±3’00 
 
The carbon laminates have a rectangular shape 150x40 [𝑚𝑚2] and a nominal 2.5mm thickness 
resulting from a total of 18 plies stacked in [9020290202901 𝑂𝐹 9010290202902] configuration. 
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The defect has a rectangular shape 40X10 [𝑚𝑚2] and the optical fiber is located in the 
transversal direction. 
 
Figure 3.1 – Illustration of the optical fiber used in the work.1-Core; 2-Cladding; 3-Coating. 
 
Simple test specimens were also constructed, in other words without the insertion of the OF 
and the defect. These have been set for the purpose of subject them to bending tests on 3 
points. With the obtained results, for simple test specimens and for test specimens with fiber 
optics and embedded defect, the ultimate strength value was calculated. 
After mounting the carbon laminates, with the optical fiber and the defect in the middle plan, 
as illustrated in Figure 3.2, they were placed in the autoclave.  
The autoclave, is a pressure vessel where the consolidation of the stacked prepreg is achieved 
by the application of a vacuum, through a vacuum bag and external pressure. Curing is obtained 
by the application of heat. Here, there will be a cure of the laminates with temperature and 
pressure maximum values of 125ºC and 7 atm, respectively, in order to give the best material 








Figure 3.2 - Illustration of the layout and location of the optical fiber and the defect. 
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After the stacking of all laminate, and inserting the optical fiber and the defect, a bag was 
built for test specimens could be placed in the autoclave. The bag is constituted by a tape of 
named heat-resistant plastic film by vacuum and the end is closed by a sealing machine for 
heat fusion, leaving only a connection between the inside and the outside of the bag through a 
valve where is connected to an air pump to create a vacuum in the bag. 
In Figure 3.3, it is shown the arrangement of samples. This image does not picture the geometry 
of the specimens used in this work. But the arrangement of the laminates is the same. As the 
Figure 3.3 shows, three test pieces was placed each time, to avoid damaging the optical fiber, 
since this exceeds the geometry of the specimen. It is important to protect the optical fiber, 
to avoid contact with the waste resin during the cure. 
To protect the optical fiber, it was rolled up and placed between two Teflon papers and also 
placed near the specimen, bostik, in the area where the optical fiber came out. In the 
construction of the bag it was important to protect the optical fiber, so after autoclave curing, 
so when the samples are remove, the OF can be intact. Its integrity was important for the whole 
experimental process, since it gives the optical signal and hence through its analysis, it is seen 












During the healing process, it is necessary to comply with the conditions that the manufacturer 
recommends for prepreg materials in an autoclave [11].  
Figure 3.3 – Preparation of the bag to take the laminates to the 
autoclave. 
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In the end of the curing process, the specimens were removed from the bag, very carefully so 










Figure 3.4 – The aspect of the specimen with the O.F. and the defect, after the process of autoclave 
curing. 
To achieve a better optical signal, and consequently better results, the optical fibers were 
submitted to a treatment, in which the coating was removed at their ends after being dissolved 
in acetone. The extremities of the optical fibers were cleaved so that it obtains a maximum 
light signal. 
One extremity of the optical fiber receives the signal from a laser, Melles Griot brand, see 
Figure 3.5, having a maximum power of 10mW, while the other extremity is inserted into a 
light sensor Newport-818 DO-M, and optical power player, of Newport, model 835, which 
indicates the instantaneous signal power bright. To make this procedure is used the device of 






 Figure 3.5 - Laser used for the production of the light signal. 
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In the output of this device is connected a data acquisition system, developed by Professor 
António Espírito Santo, which allows the acquisition of light sensor values through the Matlab 
program (Annex C).  
The values of the room temperature and of the specimen temperature were measured by a 
thermocouple attached to the surface of the specimen. To obtain these temperature values, a 














Figure 3.7 – Equipment used for the acoustic 
emission tests. 
Figure 3.6 – Illustration of the equipment which were made the 
acquisition of ligth sensor values. 
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Some acoustic emission (AE) tests were made using a Marandy MR 1004 equipment, see Figure 
3.7 connected with a broad range piezoelectric transducer, which was attached to appropriate 
software so that to acquire the total countdown of all events detected. 
It is possible to use this test to distinguish between different damage mechanisms acting during 
cyclic loading. It was possible to detect distinct AE levels. 
3.2 Aging of the test specimens 
 
Five specimens were subjected to sixty thermal cycles, and other five specimens to thirty 
thermal cycles. Each thermal cycle varies between -25 degrees and 80 degrees and has duration 
of 1 hour. 
These values were chosen to represent the more realistic conditions that may occur during 
flight envelope. In order to simulate the negative temperature values, specimens were placed 
in a freezer. The stove was used in case of high values of temperature. 
After performing all the thermal cycles, the values of temperature and variation of elastic 
modulus for specimens with sixty and thirty temperature cycles, were compared. It was also 
compared these results to those obtained for specimens without thermal cycles. 
3.3 Static three-point flexural tests 
 
The specimens with the optical fiber and defect and simple specimens, were subjected to static 
three-point flexural tests. Through the analysis of the results of both types of specimens, was 
found the ultimate strength value. It is important to find this value, before performing the 
fatigue tests since it is essential to characterize samples. 
The static three-point flexural tests were performed, in accordance with the norm D790 ASTM 








 Figure 3.8 – The testing machine Instron. 
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3.4 Three-point bending fatigue tests 
Fatigue tests were performed on an Instron 1341, controlled by software, Instron 8800 Fast 
Track, which makes the acquisition results of the force applied and the resultant strain present 
in the specimen.  
Through the analysis of Figure 4.1 and 4.2 for the ultimate strength value to the simple 
specimens and the samples with optical fiber and defect embedded, it was decided to use 70% 
of the ultimate strength value. 
Regarding the choice of frequency, after performing tests for 6, 10 and 20 Hz and analyze their 
results compared to the variation of temperature and Young's modulus, it has been selected 
the frequency of 10 Hz to carry out the testing.  
From Figures 4.3 and 4.4 it was concluded that the value 6Hz not cause large changes in 
temperature. This causes the frequencies of 6 and 20 Hz cannot be used in this test since that 
is intended to there are significant temperature changes and so consequently, the optical signal 
will be able to detect possible damages in material. 
A stress ratio of 0,1 was used and a time constraint was imposed of 500000 load cycles. 
The data acquisition software is activated by a signal (step) output by the Instron system starts 
precisely when the bending test, thus synchronous obtained results, force, power and distortion 
of the light signal. 
The tests performed are made with spacing between supports of 50 mm and a crosshead speed 
of 2 mm / min. 
Each test specimens was tested individually. Therefore the entire experimental procedure was 
repeated for each sample. 
 
3.5 Difficulties 
During the testing procedure some shortcomings resulting in the extension of the experimental 
work appeared. 
One major difficulty was the protection of the optical fiber, when it was placed in a vacuum 
bag and put in the autoclave. The major difficulty was to minimize or avoid contact of the 
optical fiber with resin waste, when the specimens were in the autoclave. When removing 
specimens of the vacuum bag, it is necessary to carefully handle specimens, and remove the 
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protection that had been done to the optical fibers. This step has proved itself particularly 
difficult, and in some occasions was unsuccessfully accomplish, and had to be repeated. The 
Figure 3.9 shows the protection that was made to each specimen and the figure 3.10 portrays 


















One of the cases that also occurred, was the fact that sometimes a sample of the optical fiber 
apparently in good condition, and then when it was done reading the optical signal, it was 
broken inside, making it impossible proceeding with the test. 
 
Figure 3.9 – Protection made for Optical fibers. 








There was also a defect created in the test specimens due to the Bostik that was used to protect 
the fiber. This Bostik aimed to protect the optical fiber in the exit of the sample zone so that 
it does not break after healing. It was tried to minimize this defect, using minimal Bostik 
possible. In Figure 3.11, it is seen a case in which the specimen was left with a major defect 
and consequently influence the test results. 
Another problem was the adhesion between the thermocouple and the specimen. The 
adherence is made through the use of adhesive tape to attach the thermocouple to the 
specimen. Once it wasn’t being established a better adhesion between the thermocouple and 
the specimen, sometimes wasn’t checked values of specimen temperature above room 
temperature. Since the carbon is thermal conductor, it was necessary to place an insulating 
tape in order to detect hot spots. 
There was difficulty in achieving constant and relatively high signal intensity in optical fiber 
due to the sensitive equipment constituted by systems that could change when they are exposed 
to noise. 
All these difficulties encountered have contributed to the learning of how to proceed when 
manufacturing this type of samples. Today and after all attempts to manufacture test 
specimens with optical fibers and defect embedded it is known what must be done to prevent 
all these problems found during the experimental procedure. 
 
 
Figure 3.11 - Created defect in the test specimens due to the Bostik that was 




Chapter 4- Results and Analysis  
4.1 Experimental results 
 
4.1.1 Static tests 
 
The fatigue tests were performed using a sinusoidal loading for the minimum stress level, 70% 
of the ultimate strength value that was determinate in the static tests. Figure 4.1 shows the 
flexural strength in order to the displacement for the specimen without defect or optical fiber. 
At Figure 4.2, the flexural strength in order to the displacement for the specimens with defect 
and optical fiber are presented.  
The values for the Elastic Modulus (𝐸) and the maximum strength resistance (𝜎) are obtained 
from the equations (1) and (2): 
𝐸 =
3 ∗ 𝑃 ∗ 𝑆
2 ∗ 𝑤 ∗ 𝑡2 ∗ 𝜀
 (1) 
𝜎 =
3 ∗ 𝑃 ∗ 𝑆
2 ∗ 𝑤 ∗ 𝑡2
 (2) 
 
The applied load represented by 𝑃, 𝑆 is the distance between supports, 𝑤 is the specimen 
width, 𝑡 is thickness and 𝜀 is the strain obtained from the control software of the test system. 
After the static tests and the analysis of the results obtained, dynamic testing was done for 
different values of percentage for minimum flexural strength (60%, 70% and 75%). It was chosen 
the 70% of the ultimate strength value. For this case, the laminate will have an increase in 
temperature for a reasonable time test (around 30000 cycles). This way the laminate is 
subjected to mechanical fatigue and thermal fatigue at the same time 
Figure 4.1 - Flexural strength in order to the displacement for the specimen  































Figure 4.2 - Flexural strength in order to the displacement for the specimen 
With  defect and optical fiber. 
Tables 4.1 and 4.2 illustrate the maximum values of flexural strength and respective 
displacement  values to which they occur, in case of the specimens with defect and OF and the 
simple specimens, in other words without defect and OF. 
Table 4.1 - Maximum values for flexural strength and its respective displacement values for the specimens with 





1 791.2 3.51 
2 745.1 3.24 
3 605.1 2.98 
4 575.9 2.83 
5 429.7 2.63 
 
 
Table 4.2 - Maximum values for flexural strength and its respective displacement values for the specimens 





1 808.0 4.91 
2 789.2 3.65 
3 744.7 3.55 
4 575.2 3.42 





























It can be seen that the simple specimen exhibit higher maximum values for flexural strength 
than those specimens with the defect and OF embedded. When comparing both values of 
maximum flexural strength, it is concluded that the maximum values, in the case of simple 
specimens, occur to displacement values higher than those of the specimens without OF and 
defect. 
4.1.2 Fatigue tests 
 
To proceed with the dynamic tests, it was necessary to stipulate the value of the frequency. It 
has been decided to use a 10 Hz frequency, after submit the sample to different frequencies 
(6, 10 and 20 Hz). The selection of 10Hz due to the observation of changes in temperature after 
several thousands of cycles (near 30000). To 6 Hz, trials with more than 500000 cycles showed 
no significant temperature changes. 
At Figure 4.3, it can be seen the elastic modulus variation in order to the number of the cycles 
and at the Figure 4.4, it can be visualized the variation of the temperature in order to the 
number of the cycles, for the two different frequencies. Through analysis of these figures, it 
can be seen that for the frequency of 10Hz, the elastic modulus variation decreases and there 
is an increase of the variation of temperature.  
The value of the frequency of 10 Hz was chosen for being a value that approximates the reality 
that an aircraft component may be subjected.  
It was observed that the frequency influences the fatigue life of the composite, since the test 
frequency increase, the life of the material decreased, due to greater heat generation by 
hysteresis. Since the viscoelastic effect and the time available to dissipate heat is reduced, 
there is a change in the type of fatigue from mechanical fatigue crack initiation and propagation 























Figure 4.4 – Variation of the temperature for the two different frequencies. 
 
After being subject to the thermal shock cycles between the values of -25° C to 80° C the test 
pieces were subjected to dynamic testing. In Figures 4.5 and 4.6, it can be observed the elastic 
modulus variation and the temperature variation in fatigue tests for the specimen subjected to 
sixty thermal cycles, thirty thermal cycles and without cycles of degradation. 
 
Figure 4.5 - Elastic Modulus variation for three types of degradation of the specimen. 
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Figure 4.6 - Temperature variation for three types of degradation of the specimen. 
 
Through the analysis of graphs, it was possible to observe that specimen with 30 cycles of 
temperature presents higher values of temperature changes when compared with the 
specimens with 60 cycles of temperature and the specimen without temperature cycles. The 
test results without thermal cycles and 60 cycles may be masked due to poor isolation of the 
sample. 
When looking at Figure 4.6 it can be seen that the specimen without cycles of temperature 
presents the lowest elastic modulus value. The sample with 30 cycles of temperature proved 
to be more resistant than others, since it endured more cycles than others. 
In the table 4.3, it is showed that the sample without cycles of ageing has significant decrease 
of the variation of the temperature. Also the difference between the two samples with 30 and 
60 cycles of ageing in terms of the variation of the temperature is small, and the sample with 
more cycles of ageing show higher temperature variation. The young modules shows the same 
tendency, a decreasing of the performance of the test sample comparing the sample with and 
without cycles of ageing.  
 
Table 4.3-Elastic Modulus and Temperature variation for the specimens with 60, 30 and 
without cycles of ageing. 
 
Type of specimens ΔE [%] ΔT [%] 
Without cycles of ageing -22.25 0.26 
30 Cycles of ageing -69.55 22.33 
60 Cycles of ageing -56.86 25.12 
 
The value of elastic modulus variation for the case of 30 cycles of ageing is higher than 60 
cycles of ageing. The opposite would be expected, since the more degraded is the sample, the 
greater the decrease in the variation of the elastic modulus. For this case the tendency has not 
occurred since the specimen with 60 cycles of ageing endured 190000 cycles, while the sample 
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with 30 cycles of ageing endured 320000 cycles. If the test piece subjected to 60 cycles of 
ageing had more time subject to test and had not come into rupture would present a higher 
elastic modulus value and the tendency occurs. 
 
It was also expected that the elastic modulus variation value for the specimen which was not 
degraded was the smallest. For this case the rupture occurred at the end of 140,000 cycles of 
time. 
 
It is concluded from the analysis of table 4.3 that the greater the degradation of the specimen, 
the greater the variation between room temperature and temperature of the specimen when 
it is subjected to cyclic loading. The value of temperature variation for the case of the specimen 
without degradation is very small. Although expected to be a lower value than the degraded 
samples, there was noted almost no change in temperature. The value of the specimen 
temperature is usually lower than the room temperature. This was especially because of 
adhesion of the thermostat to the specimen that proved not to be the best, since the bond 
between them is taking off, when the specimen was subjected to cyclic loadings. Once the 
carbon is thermal conductor, the heat dissipates quickly. This forced the outer face of the 
isolation to detect hot spots outside. For this reason it was not taken the correct reading of the 
temperature and the value presented in Table 4.3 is not very realistic.  
 
The elastic modulus variation and the temperature variation between four tests specimens are 









The elastic modulus variation and the temperature variation between four tests specimens is 
important to keep at minimum, this ensures a reliable procedure in the analysis of the results, 
and is the purpose of table 4.4. The variance between the four specimens isn’t significant, as 
showed in the table.  
Table 4.4- Elastic Modulus and Temperature variation for the 4 specimens. 
Type of 
specimens 
ΔE [%] ΔT [%] 
A1 -56.41 -50.65 
A2 -42.73 44.67 
A3 -56.71 28.70 
A4 -63.83 53.81 
 
There is a decrease in stiffness for each specimen. Table 4.4 shows that from the beginning of 
the test, until it ends are verified a decrease between 42 and 65% of the stiffness of the 
specimens. 
In the case of temperature variation, there is an increase in this value for 3 of the 4 cases 
tested. Was noted an increase for 3 samples between 28 and 54% of the temperature variation. 
For one of the specimens, there was a decline in the value of temperature. This may be due to 
the adhesion between the thermostat and the specimen. Once it was not be established a better 
adhesion between the thermostat and the specimen rarely checked values of specimen 
temperature above room temperature. 
Figure 4.8 – The variation of the temperature in fatigue tests. 
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Figure 4.9 shows the total countdowns from the AE tests. 
 
Figure 4.9 - Acoustic emission intensity. 
 
The results obtained allow identifying the damage evolution, following a nonlinear tendency 
starting from low levels occurrences, as matrix cracking, and ending with high intensity 
catastrophic events, such delamination or a large number of fiber breakages, prior to give the 
final material rupture. 
This figure shows that when the temperature rises (see Figure 4.8) increases the noise within 
the laminate in this way it is proved that the increase in temperature is related to the growth 
of the damage. 
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In the Figure 4.10 are represented the temperature of the specimen and the intensity of the 
optical signal in order to the number of cycles. Through the visualization of this figure, can be 
see that there are throughout the test, a large variation of the specimen temperature. 
Although it can be seen that there is some intensity of the optical signal, especially when there 
is large variations in the specimen temperature, these values are not as expected. Would be 
expected to obtain higher values for the optical signal intensity. These results show that during 
the test, the difficulties faced, adversely affected the intensity of the optical signal. 
It can be said that this optical fiber is capable of functioning as sensors, when it is subjected 
to fatigue, despite not being the best in this case. By making changes in order to avoid all the 
difficulties encountered throughout the manufacturing process, can get a better signal and 






Chapter 5- Conclusions and future works 
5.1 Final conclusions 
In order to study the feasibility of monitoring structures, by inserting simple optical fibers as 
sensors, when they are subject to fatigue, it was construed and tested the specimens and it 
was been conclude that a simple optical fiber can be used as a sensor, when subjected under 
cycling loading.  
By the results obtained, it was observed a decrease in the modulus of elasticity in order to the 
number of cycles. Meanwhile, there is an increase of temperature. Through visualization of the 
results of acoustic emission, it could be seen that there are changes to whenever there is a 
variation in temperature thus making it possible to use an optical sensor (with many 
advantages) for detecting a critical damage. Once the carbon has a good thermal conductivity 
it isn’t viewed high temperature variations along the test. The geometry of the specimen also 
contributes to a high dissipation of thermal energy. 
The value of the specimen temperature is usually lower than the room temperature. This was 
especially because of adhesion of the thermostat to the specimen that proved not to be the 
best, since the bond between them is taking off, when the specimen was subjected to cyclic 
loadings and due to the fact that room temperature is to be measured near the oil tank and 
with time it warms up. For these reasons it was not taken the correct reading of the 
temperature. 
From the total countdowns from the AE tests. The results obtained allow identifying the damage 
evolution, following a nonlinear tendency starting from low levels occurrences, as matrix 
cracking, and ending with high intensity catastrophic events, such delamination or a large 
number of fiber breakages, prior to give the final material rupture. 
Even the results are not the best, for example it can be seen that there is some intensity of the 
optical signal during the fatigue tests, especially when there is large variations in the specimen 
temperature, these values are not as expected. It can be said that this optical fiber is capable 
of functioning as sensors, when it is subjected to fatigue, despite not being the best in this 
case. By making changes in order to avoid all the difficulties encountered throughout the 
manufacturing process, it can get a better signal and consequently will have a better sensor, 
when the specimen is subjected to fatigue. 
It was observed that the frequency influences the fatigue life of the composite, since the test 
frequency increase, the life of the material decreased, due to greater heat generation by 
hysteresis. Since the viscoelastic effect and the time available to dissipate heat is reduced, 
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there is a change in the type of fatigue from mechanical fatigue crack initiation and propagation 
to fatigue caused by the heating effect of the matrix. 
The results are a consequence of the many difficulties that occur. The process of manufacture, 
the data acquisition, and the system of temperature reading, the tests performed are an 
important part of the process of get results and demonstrated not be easy to achieve during 
the whole experimental work. Throughout the experimental work it was observed a high 
sensitivity at the test conditions, from room temperature during the test, the geometry of the 
specimens, the placement of the thermocouple, the isolation of the outer face of the laminate, 
etc. 
Once it occurred many problems during this experimental work, it can be said that with the 
right modifications it can be achieved better results and consequently a monitorization system 
more reliable. 
5.2 Recommendations for future works 
For the future, the same procedure for another type of fiber could be realized. 
The geometry of the specimen could be changed. Since the smaller area of the specimen, and 
since the carbon fiber is being used, the faster heat dissipation occurs and will eventually not 
a change in temperature. The minimum width should be close to 40 mm so that the heat 
dissipation is not too fast. 
Simulation and structural analysis programs can also be used to study different types of 
configurations for the sample in order a characterization of the specimen was taken before 
being experimentally performed. 
Experimental tests should guarantee that the test temperature is constant. 
The analysis of the optical signal must be made with a spectrometer to assess any changes in 
wavelength of the signal. 
The light source should not be just red light (He-Ne laser with wavelength 632,8 nm. 
Temperature can be affected by different ranges of colors of light and the red color can even 
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Annex C – MatLab routine 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                       % 
% Aquisição de dados ao longo do tempo  % 





shots = [1 10 89 200*ones(1,250)]; 
n = 4;                  % ciclos amostrados 
f = 6;                  % frequencia de excitação 
ts = (1/6)*4/98;        % periodo de amostragem 
fs = 1/ts;              % frequencia de amostragem 
Nsample = 98;           % numero de amostras recolhidas 
  
% time vector 
time_vector = [0:Nsample-1]*n/f/Nsample; 
  
% 1 - Request from user the name of the COM in string format  
str = input('Name of the COM - ','s');  
  
% 2 - Serial object creation   
s = serial(str);  
  
% 3 - Serial port configuration   
set(s,'BaudRate',9600);  
  
% 4 - Save data  
file_name = input('File name - ','s');  
file_name = [file_name '.xls']; 
fileID = fopen(file_name,'w');   




for i = shots 
  
  pause(i); 
  
  fopen(s); 
    
  disp('****** EM AQUISIÇÃO ******') 
  fwrite(s,'d'); 
  vector = fread(s,200); 
  disp('****** AQUISIÇÃO TERMINADA ******') 
  fclose(s) 
     
  temperatura_ambiente = 
0.03125*double(typecast(uint8([vector(2),vector(1)]),'int16'))/4; 
  c = double(typecast(uint8([vector(4),vector(3)]),'int16')); 
  temperatura_proveto = Ktemp(1.024*c/32768,temperatura_ambiente); 
  
  aquisicao = []; 
 56 
     
  coluna = 1; 
  for j = [5:2:200] 
   aquisicao(1,coluna) = 
double(typecast(uint8([vector(j+1),vector(j)]),'int16'));  
   aquisicao(1,coluna) = aquisicao(1,coluna)*1.024/2^16; 
   coluna = coluna + 1; 
  end 
  
  subplot(1,2,1) 
    plot(aquisicao,'o-'); 
    title('Representacao dominio do tempo') 
    xlabel('Tempo [seg]') 
  subplot(1,2,2) 
    NFFT = 2^nextpow2(Nsample); 
    Y = fft(aquisicao,NFFT)/Nsample; 
    F = fs/2*linspace(0,1,NFFT/2+1); 
    plot(F,2*abs(Y(1:NFFT/2+1)))  
    title('Representação dominio frequencia') 
    xlabel('Frequencia [Hz]') 
      
  fileID = fopen(file_name,'a'); 
  fprintf(fileID,'ENSAIO'); 
  fprintf(fileID,'\r\n'); 
  fprintf(fileID,'%6.2f     ',i); 
  fprintf(fileID,'%6.2f     ',temperatura_proveto); 
  fprintf(fileID,'%6.2f     ',temperatura_ambiente); 
  fprintf(fileID,'%6.2f ',aquisicao'); 
  fprintf(fileID,'\r\n'); 
   
  fprintf(fileID,'FFT   '); 
  fprintf(fileID,'%6.2f     ',2*abs(Y(1:NFFT/2+1))); 
  fprintf(fileID,'\r\n'); 
  fprintf(fileID,'Frequência    '); 
  fprintf(fileID,'%6.2f     ',F); 
  fprintf(fileID,'\r\n'); 
  fprintf(fileID,'\r\n'); 
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